Background-To quantify the changes in arterial dimensions after the acute changes in pressure associated with percutaneous coronary intervention (PCI). Methods and Results-Forty-eight patients with one angiographically moderate-to-severe stenosis were included in the study. The pressure proximal and distal to the stenosis and the arterial diameter proximal and distal to the stenosis were measured at baseline, after intracoronary nitrates, and after stent PCI. In addition, in 8 patients distal pressure and coronary diameter were assessed while graded, controlled stenoses were created in the stented segment by progressive inflation of a balloon catheter. The mean diameter of the proximal coronary segment was 2.75±0.08 mm, 2.92±0.08 mm (+7.4%), and 3.10±0.07 mm (+14.7%) at baseline, after nitrates and after PCI, respectively (P<0.001). The mean diameter of the distal coronary segment was 2.07±0.09 mm, 2.23±0.09 mm (+9.7%), and 2.5±0.07 mm (+28.4%) at baseline, after nitrates and after PCI, respectively (P<0.001). The increase in distal diameter correlated significantly with the increase in distal pressure after PCI (r 2 =0.57; P<0.001). When graded stenoses were created, a decrease in diameter of 18±4% was observed with a pressure drop of 43±5 mm Hg. Conclusions-The diameter of coronary arteries markedly varies with their distending pressure. After re-establishment of a normal distending pressure by stenting of severe coronary stenoses, a proportional increase in vessel diameter is observed. This should be taken into account when choosing the stent diameter and is an argument to discourage direct stenting. (Circ Cardiovasc Interv. 2012;5:791-796.)
T he diameter of a normal epicardial artery is determined by the mass supplied by that segment and is modulated by the degree of active vasoconstriction, by the blood flowinduced shear stress and by the distension pressure. [1] [2] [3] In atherosclerotic arteries, this relation persists even though the atherosclerotic process interferes with normal physiology. 2 During percutaneous coronary intervention, the diameter of the stent is chosen to fit vessel size. These dimensions are derived from subjective analysis (eyeballing) of the angiogram, sometimes from intravascular ultrasound, rarely from quantitative coronary angiography. Even when objective metrics are used, it is difficult to predict to what extent the placement of a stent will increase the vessel size. This is particularly the case in very tight stenoses where the distension pressure is expected to increase substantially after stent placement. Not taking this phenomenon into account may lead to stent undersizing, a predictor of clinical events. 4, 5 The goal of this study is to investigate the influence of acute changes in coronary pressure on the dimensions of the epicardial coronary arteries. Coronary vasomotion was offset by administration of nitrates and resting coronary blood flow was assumed to remain constant.
Methods

Study Sample
The study sample consisted of 48 patients scheduled for elective onevessel percutaneous coronary intervention. In addition, in 8 patients distal pressure and coronary diameter were assessed while graded, controlled stenoses were created in the stented segment by progressive inflation of a balloon catheter. The wall motion was normal in all territories depending on the stenoses under study and all vessels showed a thrombolysis in myocardial infarction grade III flow. All patients signed a written informed consent form in agreement with the prescriptions of the Ethics Committee of the OLV-Ziekenhuis in Aalst.
Coronary Angiography
Diagnostic left heart catheterization and coronary angiography were performed by a standard percutaneous femoral approach, then a 6F guiding catheter was introduced and an angiogram was repeated in the projection allowing the best possible alignment of the target segment. The optimal angiographic projection was used for all subsequent coronary arteriograms. A complete quantitative analysis was performed on an optimally filled end-diastolic image of the artery. The measurements were obtained (1) in a clearly identifiable smooth segment ≈1 to 2 cm proximal to the stenosis; (2) at the level of the stenosis; and (3) in a clearly identifiable angiographically smooth segment about 1 to 2 cm distal to the stenosis. For quantitative coronary angiography, a computer-based analysis system (Siemens QuantCor quantitative coronary angiography ACOM.PC 5.01, Siemens Medical Systems Inc, Malvern, PA) based on the Cardiovascular Angiography Analysis II System (Pie Medical Imaging, Maastricht, the Netherlands) was used. 6 The contrast-filled catheter was used for calibration. In our laboratory, coronary artery diameter measurements performed with the ACOM.PC 5.01 system have an interobserver variability of 0.11 mm and an intraobserver variability of 0.08 mm for mean lumen diameter on repeated analysis of the same frame. 6
Pressure Measurements
After administration of intravenous heparin 100 IU/kg, a pressure monitoring guide wire (PressureWire Certus, St Jude Medical, Uppsala, Sweden) was calibrated and introduced into the guiding catheter. The sensor was advanced up to the tip of the guiding catheter, and it was verified that the pressure measured by the pressure monitoring guide wire was equal to the pressure measured by the guiding catheter. Next, the wire was manipulated into the culprit coronary artery. Proximal coronary pressure was recorded 1 or 2 cm proximal to the stenosis; distal coronary pressure was recorded 1 or 2 cm distal to the stenosis.
Study Protocols
Two separate study protocols were conducted in different patients. Study protocol 1 (before and after percutaneous coronary intervention) was performed in 48 patients, scheduled for percutaneous coronary intervention of an isolated stenosis. All angiographic measurements (proximal segment, stenotic segment, and distal segment), as well as the pressure measurements (proximal and distal) were obtained in the 3 following conditions: (1) at baseline; (2) 3 minutes after administration of an intracoronary bolus of 200 μg isosorbide dinitrate; and (3) 3 minutes after optimal stent placement and re-administration of an intracoronary bolus of 200 μg isosorbide dinitrate. The measurements and their timing are illustrated in Figure 1 .
Study protocol 2 (graded controlled coronary stenoses) was performed in 8 patients. After successful stenting of an isolated stenosis, a pressure monitoring guide wire (PressureWire Certus, St Jude Medical) was positioned in the distal part of the artery. A short semicompliant balloon catheter was positioned over the pressure wire in the stented segment; then the balloon was inflated to create a controlled pressure gradient between the pressure in the aorta (P a ) and the pressure in the distal part of the artery (P d ). The inflation pressure in the balloon was adjusted to create a moderate pressure gradient (between 10 and 25 mm Hg) and, thereafter, a severe pressure gradient and finally deflated to allow the pressure to return to its baseline value. At these 4 stages (baseline 1, moderate gradient, severe gradient, and baseline 2) distal coronary pressure and angiography-derived average vessel diameter were obtained.
Statistical Analysis
All analyses were performed with Graphpad Prism software, version 5 and SPSS software version 16. Summary descriptive statistics are reported as mean (SD) or counts (%), as appropriate. Continuous variables were compared between the 2 groups by independent samples t tests and categorical variables were compared with Fisher exact or χ 2 tests, as appropriate. Differences between repeated measures were analyzed with linear mixed effects models with patient as a random effect and unstructured covariance.
Results
Baseline Clinical and Angiographic Characteristics
Mean age was 65±10 years, 66% were male and 27% were diabetic ( Table 1) . By design, all patients had one-vesseldisease; global and regional left ventricular ejection fractions were normal. The right coronary artery was involved in 56% of patients (Table 2 ). At baseline, the pressure wire was used to record the coronary pressure proximal to the stenosis. Then the coronary pressure wire was advanced until the pressure sensor was located distal to the stenosis. At this stage, a coronary angiogram was performed to perform a quantitative coronary angiogram proximal and distal to the stenosis. The same data were obtained after nitrates and after stenting. Timing between these procedural steps is provided.
WHAT IS KNOWN
• During percutaneous coronary intervention, the choice of the material to be implanted is based on coronary angiogram.
• An epicardial stenosis is responsible for a lower distal pressure as compared with the proximal pressure. Thus, the distension forces of the artery are smaller distal than proximal to the stenosis.
WHAT THE STUDY ADDS
• The article quantifies for the first time in humans the variation in diameter according to intraluminal pressure.
• The study shows that the diameter of atherosclerotic arteries varies by almost 30% in patients with obstructive coronary artery disease.
• These findings should be taken into account in the field of physiological research on coronary vessel dimensions, and-more practically-by interventional cardiologists to optimize the size of stents to be implanted.
• The data provide a strong argument against the use of direct stenting in tight stenosis.
Coronary Artery Diameters at Baseline, After Nitrates, and After Stent Implantation
The minimal luminal diameter increased from 0.65±0.37 mm to 0.75±0.43 mm and to 2.72±0.53 mm at baseline, after nitrates and after stenting, respectively. The diameter of the proximal coronary segment was 2.75±0.08 mm, 2.92±0.08 mm (+7.4%), and 3.10±0.07 mm (+14.7%) at baseline, after nitrates, and after stent implantation, respectively (P<0.001). The diameter of the distal coronary segment was 2.07±0.09 mm, 2.23±0.09 mm (+10.5%), and 2.5±0.07 mm (+28.4%) at baseline, after nitrates, and after stent implantation, respectively (P<0.001, Table 3 and Figure 2A ).
Coronary Artery Pressure
There were no significant changes in coronary pressure in the proximal segment at baseline, after nitrates, and after stent implantation (94±2.3 mm Hg, 88.4±1.9 mm Hg, and 96.3±2.8 mm Hg, respectively, P=0.309, Figure 2B ). In contrast, coronary pressure in the distal segment was significantly lower both at baseline and after nitrates than after stent implantation (59.7±2.9 mm Hg, 56.6±2.8 mm Hg, and 89.6±2.2 mm Hg, respectively, P<0.001, Figure 2B ).
Minimal Luminal Diameter and Changes in Coronary Artery Diameter
There was no correlation between the percent increase in proximal diameter (between postnitrates and poststenting) and minimal luminal diameter (r²=0.046, P=0.15). In contrast, there was a significant exponential relationship between the increase in distal diameter (between postnitrates and poststenting) and the increase in minimal luminal diameter (r 2 =0.57, P=0.0003). The more severe the initial stenosis, the larger the expected increase in distal diameter ( Figure 3A ). As shown in Figure 3B , arteries with an minimal luminal diameter of <0.46 mm showed a mean increase in distal diameter of 30.7% (between postnitrates and poststent).
Distal Pressure and Changes in Coronary Artery Diameters
There was no significant relationship between the increase in distal pressure and the changes in proximal diameter (r 2 =0.004; P=0.65). In contrast, there was a significant correlation between the increase in distal pressure after stenting and the changes in distal diameter ( Figure 4A ). The larger the increase in distension pressure, the larger the change in diameter. As shown in Figure 4B , there is a gradual increase in distal segment diameter with gradual increase of distal segment pressure.
Graded, Controlled Coronary Stenoses and Arterial Diameter
As shown in Table 4 and Figure 5 , moderate stenoses associated with a mean pressure of 73±5 mm Hg did not induce a significant change in coronary diameter. However, severe stenoses associated with a mean pressure of 48±5 mm Hg did induce a decrease in arterial diameter of 2.1±0.7 mm (P<0.001). After release of the stenosis by deflation of the balloon catheter, vessel diameter returned to the baseline value.
Discussion
The present study investigates the influence of distension pressure on the diameter of atherosclerotic coronary arteries before and immediately after stenting by direct intracoronary pressure measurements. The results indicate that, after suppression of coronary vasomotor tone, the brisk increase in coronary pressure associated with stenting is associated with a proportional increase in the diameter of the distal part of the coronary arteries. In severe stenoses, this increase in diameter reaches almost one third of the initial diameter. The data identify and assess the role of distension pressure as one of the main mechanisms modulating the dimensions of epicardial arteries. Practically, the present data indicate that, in case of tight coronary stenoses, it is difficult to predict the exact size that the vessel will reach after stenting. Therefore, it is preferable to perform precise sizing of the artery-and thus of the stent to be implanted-after balloon predilatation of the stenosis and reassessment of the vessel size after restoration of a normal or near normal distension pressure. This is of particular importance when evaluating new generations of bioabsorbable coronary scaffolding systems. 7 Blood flow to tissue, including the myocardium, is proportional to mass through a power-law relationship. 8 Because blood vessels adapt to the amount of flow they carry, the diameter of epicardial arteries adapts according to the mass of myocardium to be supplied. An everyday observation is that the diameter of the proximal part of a vessel is larger than the distal part because the mass to be perfused is larger. In normal arteries, the diameter is related to mass perfused at the second power. In patients with coronary atherosclerosis, this relation is maintained but skewed suggesting that the increase in mass is not associated with the same increase in diameter as in normals. 2 Also, when myocardial mass increases as is the case in left ventricular hypertrophy, this is associated with a larger diameter of the epicardial arteries. 9 After aortic valve replacement, when left ventricular hypertrophy regresses, a decrease in the epicardial arterial size has been documented. 1 Autoregulation of wall shear stress provides the mechanisms to explain an observed power-law flow-diameter relationship. 10 Blood vessels adapt to changes in flow within weeks. 11 In addition, to these flow-mediated structural alterations, shear stress plays a role in acute changes in diameter related through vasomotor tone. 12, 13 The present data indicate and quantify the importance of distension pressure in the diameter of the coronary arteries. By selecting patients with normal wall motion in the territory supplied by the stenosis under study, one can assume that the resting flow-and therefore the shear stress-remained relatively constant. Several animal studies on the relationship between coronary flow and myocardial function indicated that a reduction in resting perfusion flow was almost immediately paralleled by a decrease in wall thickening. 14 One can therefore imply that normal wall motion is subtended by normal resting flow. Vasomotor tone was Figure 3 . A, Correlation between the percentage increase in pressure (mm Hg) and percentage increase in diameter (mm) in the distal segment after stent implantation. B, There is a gradual increase in distal coronary artery diameter between the first tertile and third tertile of percentage increase in pressure in the distal segment. abolished by the administration of nitrates, and therefore the response of the artery was passive and controlled by pressure. This is corroborated in the present study by the increase in diameter proportional with the increasing coronary pressure.
Limitations
A number of limitations should be taken into account. It is assumed that coronary resting blood flow was normal and thus equally influenced the proximal and the distal segment. Because resting left ventricular wall motion was normal, it is likely that coronary blood flow was not significantly decreased given the tight relation between subendocardial perfusion and wall thickening observed in conscious dogs. 15 Yet, because flow velocity was not measured this cannot be verified in this clinical setting. Data obtained in patients with an isolated stenosis in the proximal left anterior descending showed that left ventricular wall motion and positron emission tomography-derived myocardial perfusion remained normal despite distal pressures as low as 50 mm Hg (De Bruyne, unpublished observations). This is in agreement with data obtained in conscious dogs. Also, some tethering effect of the stented segment on the adjacent segment may be partially responsible for the increase in diameter of the artery. This mechanism is suggested by the fact that the diameter of the proximal segment further increases after stenting. Finally, in the present setting, it cannot be excluded that transient hyperemic episodes (contrast medium and transient balloon coronary occlusions) may be responsible for some flowmediated vasodilation. The latter is known to peak 1 or 2 minutes after maximal hyperemia and to persist when coronary blood flow has already returned to baseline values. 3 Yet, the relative and much larger increase in diameter of the distal segment compared with the proximal segment suggests that it is mainly driven by an increase in distending pressure. Finally, all patients had atherosclerosis. It is therefore likely that the effect of pressure on arterial diameter would have been more pronounced in strictly normal arteries. In contrast, none of the patients showed heavy calcification and it is likely that in these patients the effects of pressure on coronary diameter would have been less pronounced or absent.
Clinical Implications
The main practical implication of the present findings is that the optimal dimension of a stent should be chosen after reestablishment of the distal coronary pressure ie, after balloon predilation. The more severe the stenosis, the lower the distal pressure and the larger the underestimation will be of the poststent diameter. This might suggest an added value for self-expanding stents in acute coronary syndromes which are most often associated with very tight lesions. These results should also be taken into account when evaluating bioabsorbable scaffolds. After disappearance of the scaffolding properties, the segment likely recovers its normal compliance and can therefore be significantly influenced by the systemic pressure. Finally, these changes in vessel dimensions after reestablishment of the distal pressure should be accounted for when poststent fractional flow reserve is predicted by coronary computed tomography angiography-based computational flow dynamics. 16 Δdiam, % indicates percent change in coronary artery diameter; and P d indicates coronary pressure distal to the induced stenosis.
Conclusions
Variations in the intracoronary distending pressure have a significant impact on defining diameter changes in epicardial vasculature. Furthermore, an increase in vessel diameter is observed after re-establishment of a normal distending pressure by stenting of tight coronary stenoses. These findings should be considered for proper stent sizing and is an argument to discourage direct stenting.
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